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The stimulation of oocyte maturation by 1-methyladenine in starfish, and by a steroid in frogs, has been proposed to involve
G-protein-coupled receptors. To examine whether activation of receptors linked to Gi or Gz was sufficient to cause oocyte
maturation, we expressed mammalian Gi- and Gz-linked receptors in starfish and frog oocytes. Application of the
corresponding agonists caused meiosis to resume in the starfish but not the frog oocytes. We confirmed that the receptors
were effectively expressed in the frog oocytes by using a chimeric G-protein, Gqi, that converts input from Gi- and Gz-linked
receptors to a Gq output and results in a contraction of the oocyte’s pigment. These results argue against Gi or Gz
functioning to cause maturation in frog oocytes. Consistently, maturation-inducing steroids did not cause pigment
contraction in frog oocytes expressing Gqi, and Gz protein was not detectable in frog oocytes. For starfish oocytes, however,
our results support the conclusion that Gi functions in 1-methyladenine signaling and suggest the possibility of using frog
oocyte pigment contraction as an assay to identify the 1-methyladenine receptor. To test this concept, we coexpressed Gqi
and a starfish adenosine receptor in frog oocytes and showed that applying adenosine caused pigment
contraction. © 2003 Elsevier Science (USA)
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Oocytes of many species are arrested for long periods at
first meiotic prophase, then are caused to resume meiosis
by a hormone; the two most extensively studied examples
of such maturation-inducing hormones are 1-methyladenine
(1-MA) in starfish (Kanatani, 1985; Kishimoto 1998; Oku-
mura et al., 2002) and a steroid (progesterone or its deriva-
tives) in frogs (Masui and Clarke, 1979; Ferrell, 1999;
Maller, 2001). Both hormones act nontranscriptionally to
cause breakdown of the nuclear envelope or “germinal
vesicle” (GVBD) and the progression of meiosis. Their
action is on the external surface of the oocyte plasma
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All rights reserved.membrane, as indicated by their lack of effect when in-
jected into the oocyte (Kanatani and Hiramoto, 1970; Masui
and Shibuya, 1987).
In frogs, steroids cause a 50% decrease in adenylyl
cyclase activity in oocyte membranes (Finidori-Lepicard et
al., 1981; Sadler and Maller, 1981), resulting in an 20%
decrease in total oocyte cAMP within minutes of steroid
addition (see Cicirelli and Smith, 1985). Likewise, in star-
fish, 1-MA causes a fall in oocyte cAMP (Meijer and
Zarutskie, 1987). Injection of inhibitors of cAMP-dependent
kinase cause frog oocytes to mature, while injection of the
catalytic subunit of cAMP-dependent kinase inhibits their
maturation in response to progesterone (Maller and Krebs,
1977). Furthermore, there is a close correlation between
which steroids cause a decrease in adenylyl cyclase activity
and which steroids cause GVBD (Finidori-Lepicard et al.,
1981).Since adenylyl cyclases are regulated by heterotrimeric
G-proteins (Simonds, 1999), it seems likely that
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maturation-inducing hormones could act by way of
G-proteins. In particular, the  subunits of Gi-family
G-proteins (Gi1, Gi2, Gi3, and Gz) inhibit adenylyl cyclase,
suggesting that these hormones might activate Gi or Gz (
subunits of another member of the Gi family, Go, can also
inhibit one of the isoforms of adenylyl cyclase, but are
10-fold less potent than Gi; Taussig et al., 1994). Alterna-
tively, the -subunit of Gs, which activates adenylyl cy-
clase, could be turned off, or the  subunits of G-proteins
could be regulators, since they can either activate or inhibit
adenylyl cyclase (Simonds, 1999).
In starfish oocytes, evidence indicates that 1-MA causes
GVBD by way of Gi. Starfish oocytes contain a Gi protein
that is 85–90% identical to mammalian Gi1 and Gi2 (Chiba
et al., 1992), and 1-MA application activates this Gi protein
(Tadenuma et al., 1992). Pertussis toxin (PTX), which ADP
ribosylates and inhibits Gi, inhibits GVBD in response to
1-MA (Shilling et al., 1989; Chiba et al., 1992). The stimu-
lation of oocyte maturation by Gi is by way of its 
subunits, since injection of  subunits causes GVBD, and
proteins that sequester  (-subunits of G-proteins, or
phosducin) inhibit 1-MA action (Chiba et al., 1993; Jaffe et
al., 1993). Current evidence indicates that the  subunits
cause maturation by activating PI3 kinase, which in turn
activates the Akt kinase (Sadler and Ruderman, 1998;
Okumura et al., 2002); the function of the cAMP decrease
in the maturation-inducing pathway appears to be minor
(see Meijer et al., 1989). However, despite this progress in
understanding the intracellular signaling, the receptor for
1-MA has not been identified, and whether activation of a
Gi-linked receptor is sufficient to cause oocyte maturation
has not been directly tested.
In frog oocytes, the most clearly established function of a
G-protein is not in causing meiotic resumption, but in
maintaining meiotic arrest prior to steroid exposure. Inhi-
bition of the oocyte’s Gs G-protein, by injection of an
inhibitory antibody made against the C terminus of the Gs
 subunit, causes oocyte maturation, indicating that a
constitutively active Gs keeps the oocyte arrested (Gallo et
al., 1995). G-protein  subunits may also function in
maintaining meiotic arrest, since introduction of proteins
that sequester  subunits causes GVBD (Sheng et al.,
2001). These and other recent studies (Lutz et al., 2000;
Romo et al., 2002) indicate that  and/or  subunits of Gs
are responsible for inhibiting meiotic maturation, by main-
taining the activity of adenylyl cyclase and/or other signal-
ing proteins.
It is unknown how steroids act to cause maturation of
frog oocytes. A cytosolic, progesterone receptor, closely
related to the intracellular mammalian progesterone recep-
tor that regulates transcription, has been identified in
Xenopus oocytes (Bayaa et al., 2000; Tian et al., 2000), but
many questions remain as to what function this receptor
might have in regulating the transcription-independent
process of oocyte maturation (see Maller, 2001). Also, this
receptor is not detected in oocyte membranes (Bayaa et al.,
2000), while the site of progesterone action to cause oocyte
maturation is thought to be on the plasma membrane (see
above).
With regard to a role for a Gi-family G-protein in inducing
oocyte maturation in frog oocytes, Gi3 is the only member
of this family for which the protein has been shown to be
present in Xenopus oocytes (Gallo et al., 1995). Gi1, Gi2, and
Go proteins are not present at detectable levels (Gallo et al.,
1995), and the presence of Gz protein has not been investi-
gated. Gi-family G-protein activation does not appear to be
sufficient to cause GVBD in Xenopus oocytes (Noh and
Han, 1998), but further studies are needed to be certain of
this conclusion (see Discussion). PTX does not inhibit the
decrease in adenylyl cyclase that is seen when progesterone
is applied to frog oocyte membranes (Olate et al., 1984;
Goodhardt et al., 1984, Sadler et al., 1984), suggesting that
if a Gi-family G-protein mediates the progesterone re-
sponse, it could be Gz, rather than Gi1–3, since Gz is
PTX-insensitive. However, some (but not all) studies have
reported that PTX has an inhibitory effect on oocyte matu-
ration (Sadler et al., 1984; Pellaz and Schorderet-Slatkine,
1989; Mulner et al., 1985; Sheng et al., 2001), so the
possibility remains that a PTX-sensitive Gi protein func-
tions in causing GVBD, independent of adenylyl cyclase.
In the present paper, we examine the function of Gi-
family G-proteins in causing maturation in both starfish
and frog oocytes. We test whether activation of several
different Gi- and Gz-linked receptors is sufficient to cause
oocyte maturation in starfish and Xenopus oocytes, using a
new assay to confirm Gi-family receptor activation. We also
use this assay to test whether maturation-inducing steroids
activate a Gi-family G-protein in Xenopus oocytes, and to
test the concept of screening for the 1-MA receptor using
Xenopus oocytes as an expression system.
MATERIALS AND METHODS
Sources of Reagents
Human A1 adenosine receptor DNA was obtained from Joel
Linden (Univ. of Virginia, Charlottesville) and was subcloned into
pBSK/RN3P (Lemaire et al., 1995). Rat P2Y12 ADP receptor DNA,
in pCDNA3, was from David Julius (Univ. of California, San
Francisco). Human m2 acetylcholine (Ach) receptor DNA, in
pcDNA3.1, was from the Guthrie cDNA Resource Center (Sayre,
PA; http://www.guthrie.org/AboutGuthrie/Research/cDNA/). Gqi
DNA, in pcDNA1, was from Bruce Conklin (The J. David Glad-
stone Institutes, San Francisco, CA). RNAs were transcribed
in vitro (mMessage mMachine; Ambion, Austin, TX) and precipi-
tated by using lithium chloride. ADP, Ach, adenosine, and
1-methyladenine were purchased from Sigma (St. Louis, MO).
Adenosine deaminase was from Roche Diagnostics (Indianapolis,
IN), and progesterone and 4-pregnen-17,20-diol-3-one (DHP)
were from Steraloids (Newport, RI).
Antibodies against the -subunit of human Gz were from the
following sources: N-terminal antigen, amino acids 3–18 (Calbio-
chem, San Diego, CA, catalog #371741; used at a 1:1000 dilution);
C-terminal antigen, amino acids 346–355 (Sigma, catalog #G5165;
used at a 1:100 dilution); internal antigen, amino acids 93–112
(Santa Cruz Biotechnology, catalog #sc-388; used at 0.2 g/ml). All
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Gz antibodies were diluted in 0.5% milk in TBST (137 mM NaCl,
20 mM Tris, pH 7.6, 0.1% Tween 20). The antibodies against
phospho-MAPK (Thr202/Tyr204) and phospho-cdc2 (Tyr15) were
from Cell Signaling Technology (Beverly, MA; catalog #9101 and
#9111, respectively; used at a 1:1000 dilution in 2% BSA–TBST).
Starfish Oocyte Experiments
Starfish (Asterina miniata) were obtained from Marinus (Long
Beach, CA) or from the Bodega Marine Laboratory (Bodega Bay,
CA), and oocytes were collected as described by Jaffe et al. (1993).
Quantitative microinjection was performed by using mercury-
filled micropipettes (Hiramoto, 1962; Kiehart, 1982; see http://
egg.uchc.edu/injection). Oocytes were injected with 3–8 pg of
RNA, incubated for 42–53 h, and then exposed to agonist and
scored for GVBD using a light microscope (see Fig. 1). Photographs
were taken with an Axiocam digital camera (Carl Zeiss, Thorn-
wood, NY).
Xenopus Oocyte Experiments
Frogs (Xenopus laevis) were purchased from Nasco (Fort Atkin-
son, WI). Methods for obtaining follicle-free oocytes were similar to
those described by Gallo et al. (1995). Briefly, pieces of ovary were
incubated in 2% collagenase (Sigma) and shaken continuously at
100 rpm at room temperature for 1 h 45 min. The oocytes were
then washed in potassium phosphate buffer, rinsed in a modified
Ringer’s solution, and sorted with a stereoscope (Duesbery and
Masui, 1993). This procedure completely removes the follicle cells
from the oocyte, as confirmed by use of a Hoechst stain to visualize
DNA (Gallo et al., 1995). The follicle-free oocytes were then
cultured overnight (15–18 h) in OR3 buffer (50% Leibovitz’s L-15
medium, 15 mM Hepes, pH 7.8, 100 g/ml gentamicin; all com-
ponents from Invitrogen) on agarose-lined dishes (1% Sigma type V,
high gelling temperature agarose in modified Ringers). This culture
period allows the oocytes to recover their protein synthesis capa-
bility after collagenase treatment (Smith et al., 1991). The oocytes
were then injected with RNAs, using a Picospritzer (General Valve
Corporation, Fairfield, NJ). Except as indicated, 2 ng of RNA was
injected per oocyte, and the oocytes were incubated in OR3 for 24 h
before applying agonists. There was no correlation between the site
at which the oocyte was injected and the site at which the
contraction response began (to be described below).
Steroids were dissolved in EtOH (10 mg/ml) before diluting in
OR3. GVBD was scored by observation of a white spot at the
animal pole and confirmed by fixing in 4% trichloroacetic acid
(Fisher Scientific, Pittsburgh, PA) and halving the oocytes with a
scalpel, to determine whether the GV was present (Gallo et al.,
1995). Contraction of the pigment was observed with a stereoscope
and photographed by using a DC4800 digital camera (Eastman
Kodak, Rochester, NY).
For experiments with the m2Ach receptor, oocytes were incu-
bated in 35-mm agarose-lined dishes, containing 4 ml of OR3. For
experiments with the adenosine and ADP receptors, 100 mm
agarose-lined dishes containing 30 ml of OR3 were used; no more
than 10 oocytes were placed in each dish, and the media and dishes
were changed every 12 h. These procedures were necessary because
Xenopus oocytes release adenosine and ATP into the medium
(Maenhaut et al., 1990; Maroto and Hamill, 2001; see Results).
For immunoblotting of Gz, Xenopus oocyte and brain mem-
branes were prepared as previously described (Gallo et al., 1996;
“type 2” oocyte membranes). For immunoblotting of phospho-
FIG. 1. Adenosine caused meiotic maturation in starfish oo-
cytes expressing the human adenosine A1 receptor. (A) The
oocyte on the left was injected with 8 pg of human adenosine A1
receptor RNA; the oocyte on the right was not injected. An
intact GV and nucleolus are present in both of these oocytes.
The oil drop was introduced into the oocyte cytoplasm as a
consequence of the microinjection. (B) Fifty-three hours after
RNA injection, 1.0 M adenosine was applied to both oocytes;
the photograph, taken 1 h later, shows that GVBD occurred only
in the oocyte that was injected with human adenosine A1 recep-
tor RNA. (C, D) In response to insemination, cortical granule
exocytosis occurred in the adenosine-matured oocyte. (C) The
surface of the oocyte prior to fertilization. (D) The surface after
fertilization; cortical granules (CG) are visible outside of the
plasma membrane. Note that after 2 days in culture, cortical
granule exocytosis does not result in elevation of the fertiliza-
tion envelope, since the vitelline envelope has mostly dispersed
(Shilling et al., 1990). (E) The adenosine-matured oocyte com-
pleted meiosis, as indicated by the formation of two polar bodies
(PB’s). (F) Another human adenosine A1 receptor RNA-injected
oocyte from the same series was treated as above, then photo-
graphed at 18.5 h after fertilization. A normal swimming
blastula developed. Scale bar is 50 m for (A, B, E, F), and 10 m
for (C, D).
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MAPK and phospho-cdc2, oocyte lysates were prepared as previ-
ously described (Karsenti et al., 1987).
Starfish Oocyte cDNA Library Construction
Total RNA was isolated from 15 ml of packed A. miniata
oocytes. Oocytes were washed twice in ice-cold homogenization
buffer (HB; 80 mM KCl, 100 mM K-gluconate, 25 mM Hepes, pH
7.2, 2 mM EDTA, 300 mM glycine, 230 mM glycerol), then
homogenized in 2 volumes of HB containing 30 units of RNasin
(Promega, Madison, WI) per ml of HB, by 10 passages through a
20-gauge needle. Following centrifugation at 12,000g for 10 min at
4°C, the supernatant was transferred to a new tube, and the
absorbance at 260 nm was determined. The supernatant was then
precipitated with 2 volumes of 100% EtOH at 20°C. The precipi-
tate was dissolved in NaHE buffer (25 mM NaCl, 25 mM Hepes, pH
7.6, 1 mM EDTA), SDS was added according to the formula 3 
104g  A260  g SDS, and the pH was adjusted down by the
addition of an equal volume of 0.1 N NaOAc, pH 5.0. This mixture
was then extracted 2 times with an equal volume of water-
saturated phenol/CHCl3 and once with 0.5 volume of CHCl3. The
RNA was precipitated with 2 volumes of 100% ice-cold EtOH, and
the pellet was dissolved in 0.1 mM EDTA. mRNA was isolated
from 500 g of total RNA by using Dynabeads Oligo(dT)25 accord-
ing to the manufacturer’s protocol (Dynal, Oslo, Norway), with the
exception that the mRNA was selected twice to reduce rRNA
contamination. Oocyte mRNA (6 g) was used to construct a
directionally cloned, random primed cDNA library in the plasmid
pSport1 according to the manufacturer’s protocol (Invitrogen).
Cloned cDNAs in pSport1 were electroporated into DH10B cells,
suspended in HMFM [1.5 mM Na3C6H5O7(2 H2O), 6.8 mM
(NH4)2SO4, 13.2 mM KH2PO4, 27 mM K2HPO4, 0.8 mM MgSO4,
4.4% glycerol], aliquoted, and stored at –80°C. A total of 110,592
cDNA clones were arrayed in duplicate on six 22-cm2 nylon filters
by using a Q-bot (Genetix Ltd., Hampshire, UK) (Clark et al., 1999).
Degenerate RT-PCR and Library Screening
A. miniata oocyte mRNA (1 g) was oligo(dT)17 primed and
reversed transcribed by using SuperScript RT according to the
manufacturer’s protocol (Invitrogen). Degenerate PCR primers
were designed by aligning the mammalian adenosine A1 and A3
receptor sequences and determining the regions of highest amino
acid identity and lowest degeneracy in the coding sequence. The
primers used in this study corresponded to transmembrane do-
mains 4–6 of the predicted seven-transmembrane structure: Tm4,
5-AGGGTACCACICCIHTITTYGGNTGGAA-3; Tm5, 5-AGG-
GTACCHTIGAITAYATGGTITWYYTTY-3; Tm6, 5-GGGAGC-
TCGGIARCCAISWIARIGCRAA-3. Initial PCR were performed
by using 2 M Tm4 and Tm6 primers for 35 cycles. This reaction
resulted in a 306-bp fragment that was then used as template in a
FIG. 2. Stimulation of receptors linked to Gi-family G-proteins
did not cause GVBD or pre-GVBD molecular events in Xenopus
oocytes. (A) The first three columns show Xenopus oocytes in-
jected with 2 ng of RNA for the m2Ach receptor, the ADP receptor,
or the adenosine A1 receptor (AdoRA1). Twenty-four hours after
injection, these oocytes were exposed to 10 M of their respective
agonist: Ach, ADP, or adenosine. The graph shows %GVBD at 24 h
after adding agonists. The last two columns show control oocytes
exposed to 10 M progesterone (P4) or DHP. These control oocytes
include both uninjected oocytes and oocytes that were injected
with each of the RNAs; the results are pooled since all groups
showed 100% GVBD at 24 h after steroid addition. The number
of oocytes and number of animals used for each test condition is
indicated in parentheses. (B, C) Xenopus oocytes were injected with
2 ng of AdoRA1 RNA and, 24 h later, exposed to 10 M adenosine;
control uninjected oocytes were exposed to 10 M progesterone.
The adenosine-treated oocytes did not undergo GVBD, while the
progesterone-treated oocytes showed 50% GVBD at 8 h. Oocyte
lysates were analyzed by immunoblotting with antibodies against
P-MAPK (Thr202/Tyr204) (B) or P-cdc2 (Tyr15) (C). One-half of an
oocyte equivalent was loaded in each lane. The P-MAPK blot (B)
shows that MAPK is phosphorylated in response to progesterone,
but not in response to AdoRA1 stimulation. The P-cdc2 blot (C)
shows that cdc2 is dephosphorylated in response to progesterone,
but not in response to AdoRA1 stimulation. For the cdc2 blot, the
upper band probably represents doubly phosphorylated cdc2
(Tyr-15 and Thr-14), while the middle band probably represents
singly phosphorylated cdc2 (Tyr-15 or Thr-14). The lower band
could possibly be due to cross-reactivity of the antibody with
Tyr-15 and Thr-14 dephosphorylated cdc2 (see Iwashita et al.,
1989). Similar results for both MAPK and cdc2 were obtained in a
second experiment.
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FIG. 3. Addition of Ach to Xenopus oocytes expressing m2Ach receptor and Gqi caused pigment contraction. (A) An oocyte injected with
2 ng each of m2Ach receptor and Gqi RNA. Arrow shows beginning of contraction at 1 h after addition of 10 M Ach. (B) Another oocyte
injected with 2 ng each of m2Ach receptor and Gqi RNA. Arrow shows contraction 24 h after addition of 10 M Ach. (C) A control oocyte
injected with 2 ng each of m2AchR and Gqi RNA and exposed to control buffer without Ach 24 h later. No contraction was seen in these
oocytes. (D) An oocyte injected with 2 ng of m2Ach receptor RNA only and exposed to 10 M Ach; no contraction was seen. (E) An oocyte
injected with 2 ng of Gqi RNA only and exposed to 10 M Ach; no contraction was seen. Photographs were all taken at 24 h after addition
of Ach, except for (A), which was photographed at 1 h.
FIG. 4. Stimulation of receptors linked to Gi-family G-proteins caused pigment contraction in Xenopus oocytes expressing Gqi, but
application of progesterone or DHP did not. (A) The first three columns show oocytes that were injected with receptor and Gqi RNAs,
incubated for 24 h to allow protein expression (5 h for ADP receptor), then exposed to 10 M of agonist and scored for pigment contraction
at the indicated times. Contraction was seen for each of the three Gi-family-linked receptors. The last two columns show oocytes that were
injected with 2 ng of Gqi RNA, incubated for 24 h to allow protein expression, then exposed to 10 M progesterone or DHP, and scored for
pigment contraction at 24 h. Although the progesterone- and DHP-treated oocytes did not show pigment contraction, 100% underwent
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nested PCR using primers Tm5 and Tm6. This nested reaction
resulted in a product of 216 bp. Both fragments were subcloned into
pBluescript KS (Stratagene, La Jolla, CA) and sequenced, and the
216-bp fragment was determined to reside within the larger 306-bp
fragment. A BlastX search (www.ncbi.nlm.nih.gov/BLAST) indi-
cated that the cloned fragments had the highest similarity to
G-protein-coupled receptors of the adenosine family.
The larger fragment was used as a template to generate a random
primed 32P-labeled probe, and the macro-arrayed A. miniata oocyte
cDNA library described above was screened by using standard filter
hybridization techniques (Sambrook and Russell, 2001). Four posi-
tive clones were end sequenced and determined to encode the same
protein. The longest clone (2333 bp) was completely sequenced and
contains the complete 364 amino acid open reading frame.
For expression in Xenopus oocytes, this starfish receptor cDNA
was subcloned into pSP64R1 (Krieg and Melton, 1984; Tang et al.,
1995), and mRNA was transcribed as described above.
RESULTS
Expression and Activation of Mammalian
Gi-Family-Linked Receptors Caused Starfish
Oocytes to Resume Meiosis
To determine whether activation of exogenously ex-
pressed Gi-linked receptors could induce maturation in
starfish oocytes, we injected oocytes with RNA for the
human adenosine A1 receptor, a Gi-coupled receptor (see
Wise et al., 1999). Then, 48–53 h later, we applied 1 M
adenosine, and 15/16 oocytes (from 3 different animals)
underwent GVBD (Figs. 1A and 1B). GVBD occurred within
20–45 min, a time course similar to that seen with 1-MA.
Uninjected oocytes exposed to 1 or 100 M adenosine did
not undergo GVBD (n  62).
The RNA-injected oocytes that were treated with adeno-
sine not only resumed meiosis, but also acquired the ability
to undergo cortical granule exocytosis when fertilized (see
Chiba et al., 1990). This was detected by the presence of the
granules on the external surface of the inseminated eggs
(Figs. 1C and 1D). Control oocytes that were not injected
with RNA, and had not undergone GVBD, did not undergo
exocytosis following insemination. The adenosine-matured
oocytes completed meiosis, as indicated by the formation of
two polar bodies (Fig. 1E), and when fertilized, formed
normal swimming blastulae (Fig. 1F).
To test whether expression and activation of other Gi-
linked receptors could cause starfish oocytes to mature, we
injected RNA for the rat ADP receptor (Hollopeter et al.,
2001). A total of 18/37 of the RNA-injected oocytes subse-
quently underwent GVBD in response to 1 M ADP, while
uninjected oocytes (n  46) did not respond to 1 M ADP.
We also injected RNA for the human m2Ach receptor (see
Akam et al., 2001). This did not cause GVBD in response to
10 M Ach (n  31 oocytes, 3 animals), although it is
unknown how well this receptor was expressed in the
starfish oocytes.
Expression and Activation of Gi-Family-Linked
Receptors Did Not Cause Frog Oocytes
to Resume Meiosis
To examine whether activation of receptors linked to
Gi-family G-proteins could cause Xenopus oocytes to un-
dergo GVBD, we injected these oocytes with RNAs for the
same receptors that were tested in starfish. The m2Ach and
adenosine receptors were of particular interest because they
have been demonstrated to activate the PTX-insensitive
Gi-family member Gz (Parker et al., 1991; Wong et al.,
1992), as well as all three forms of Gi (Offermanns et al.,
1994; Wise et al., 1999; Akam et al., 2001).
Twenty-four hours after injection of 2 ng of each RNA, 10
M of the respective agonist (Ach, ADP, or adenosine) was
applied. None of these RNA-injected oocytes, or uninjected
oocytes exposed to the same agonists, underwent GVBD
(scored 24 h after agonist addition) (Fig. 2A). Likewise,
oocytes injected with adenosine A1 receptor RNA and
exposed to adenosine did not show MAPK phosphorylation
or cdc2 dephosphorylation (pre-GVBD molecular events;
Ferrell, 1999) (Figs. 2B and 2C). Control oocytes that were
exposed to 10 M progesterone, or the progesterone deriva-
tive DHP, all underwent GVBD with a normal time course,
regardless of whether the oocytes had been injected with
receptor RNA (Fig. 2A). This showed that the RNA-injected
oocytes were capable of maturing when induced by a
steroid. Since, as will be described below, the RNA-injected
oocytes expressed functional receptors, these results indi-
cated that activation of receptors linked to Gi-family
G-proteins (including Gz) did not reinitiate meiosis in
Xenopus oocytes.
Pigment Contraction As a Simple Visual Test for
Activation of Gi-Family-Linked Receptors in
Xenopus Oocytes
To confirm that the Gi-family-linked receptors were
effectively expressed in Xenopus oocytes, we coexpressed a
chimeric G-protein, Gqi, in which the five C-terminal
GVBD. The numbers of oocytes and animals used for each test condition are indicated in parentheses. Experimental conditions for each
receptor were as follows: m2Ach receptor: 2 ng of each RNA injected, scored 7.5 h after Ach addition. ADP receptor: 0.5 ng of each RNA
injected, scored 5 h after ADP addition. Adenosine A1 receptor: 2 ng of each RNA injected, scored 5 h after adenosine addition. (B) Oocytes
expressing the ADP receptor and exposed to ADP as described as above. Photograph was taken at 5 h after ADP addition. (C) Oocytes
expressing the adenosine A1 receptor and exposed to adenosine as described above. Photograph was taken at 5 h after adenosine addition.
Scale bar for (B, C), 1 mm.
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amino acids of Gq were changed to those of Gi1,2 (Conklin et
al., 1993). Gqi is activated by Gi-linked receptors, but
couples to the effector protein normally activated by Gq,
phospholipase C. Since phospholipase C produces IP3,
which causes Ca2 release, Gqi transduces stimulation by a
Gi-linked receptor into a rise in intracellular Ca2 (Ancellin
and Hla, 1999; Coward et al., 1999).
When RNAs for the m2Ach receptor and Gqi (2 ng each)
was coinjected into Xenopus oocytes, we noticed that
application of 10 M Ach caused a contraction of the oocyte
pigment. The contraction was first seen 1–7.5 h after Ach
application, and typically appeared as a small dark spot (Fig.
3A). Over the next several hours, the contraction became
stronger (Fig. 3B). By 7.5 h, 88% of the oocytes had under-
gone contraction (Fig. 4). No contraction was seen unless
Ach was applied (n 18) (Fig. 3C). Both the receptor and Gqi
protein were required; no contraction was seen when Ach
was applied to oocytes injected with receptor RNA alone
(n  40; Fig. 3D) or Gqi RNA alone (n  20; Fig. 3E).
We also coexpressed Gqi with the two other Gi-family-
linked receptors used above, the ADP receptor and the A1
adenosine receptor. These oocytes showed pigment con-
traction in response to the corresponding agonists (Fig. 4).
Contraction started 40–90 min after agonist addition. No
contraction was seen in response to these agonists in
oocytes expressing the receptors alone, or Gqi alone (Fig. 3,
and data not shown).
We noted that, if the oocytes expressing the A1 adenosine
receptor or ADP receptor were maintained in small (35 mm)
dishes, agonist-independent contraction was seen with pro-
longed incubation. This was most likely due to the consti-
tutive release of adenosine and ATP from the oocytes
(Maenhaut et al., 1990; Maroto and Hamill, 2001), since the
spontaneous contraction was prevented by use of larger
dishes (100 mm) and medium exchanges (see Materials and
Methods), or in the case of the adenosine A1 receptor, by
addition of adenosine deaminase (see Maenhaut et al.,
1990). Whether Xenopus oocytes release ADP is unknown,
but extracellular hydrolysis of ATP can generate ADP (see
Lazarowski et al., 2000). In any case, this complicating
factor could be completely avoided by use of large dishes.
The observation of contraction in the oocytes coinjected
with RNAs for receptors and Gqi, and then exposed to the
corresponding agonists, showed that the receptors were
effectively expressed. This confirmed that the lack of
GVBD in response to activation of these receptors (Fig. 2A)
could not be explained by lack of receptor expression. Since
3/3 Gi-linked receptors that we tested caused pigment
contraction, the Xenopus oocyte Gqi/pigment contraction
assay may provide a generally useful method to test
whether a receptor is linked to a Gi-family G-protein.
Although it is unknown how activation of Gqi causes
pigment contraction, it may be due to a Ca2 rise in the
oocyte. Alternatively, or additionally, it could be caused by
diacylglycerol, which is produced by phospholipase C along
with IP3. Application of phorbol esters or a diacylglycerol
analog to immature Xenopus oocytes has been reported to
cause a “cortical contraction” (Bement and Capco, 1989),
although it is uncertain whether this contraction is mor-
phologically similar to what we observe with activation of
Gqi. In any case, the pigment contraction provides a conve-
nient indicator of Gi activation in oocytes expressing Gqi.
Progesterone and DHP Did Not Cause Pigment
Contraction in Frog Oocytes Expressing Gqi
Since Gi-family-linked receptors generally couple to all
three Gi isoforms as well as Gz (see references above), it is
likely that if the steroid receptor acted through Gi1–3 or Gz,
it would also activate Gqi. In previous studies, 90% of
Gi-family-linked receptors that have been tested activate
Gqi (Coward et al., 1999; see also Parmentier et al., 1998;
Ancellin and Hla, 1999). However, progesterone and DHP
did not cause pigment contraction in oocytes expressing
Gqi; the expression of Gqi was confirmed by parallel experi-
ments in which activation of known Gi-linked receptors
caused pigment contraction (Fig. 4). These results are con-
sistent with the conclusion that these steroids do not
activate a Gi-family G-protein.
Little If Any Gz Protein Could Be Detected in
Xenopus Oocytes
Immunoblotting was used to examine whether Gz protein
was present in Xenopus oocyte membranes. Three different
antibodies against the  subunit of mammalian Gz showed
a 39-kDa protein in Xenopus brain, but no corresponding
39-kDa band was seen in Xenopus oocytes (Fig. 5). Thus,
our results indicate that little if any Gz protein is present in
Xenopus oocytes.
Use of Gqi-Mediated Pigment Contraction in
Xenopus Oocytes As an Assay to Look for a
Receptor for 1-MA
The Xenopus pigment contraction assay might be gener-
ally useful for identifying unknown Gi-family-linked recep-
tors, and specifically for testing starfish cDNAs to deter-
mine whether they encode the 1-MA receptor. As a test of
this concept, we isolated a starfish adenosine receptor and
showed that, when it was coexpressed with Gqi in Xenopus
oocytes, addition of adenosine caused pigment contraction.
FIG. 5. Gz protein was detected in immunoblots of Xenopus
brain, but not of Xenopus oocytes. Ten micrograms of protein were
loaded in each lane. Blots were probed with three different Gz
antibodies (see Materials and Methods): lanes 1 and 2 (Santa Cruz),
lanes 3 and 4 (Calbiochem), and lanes 5 and 6 (Sigma).
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To do this, we performed degenerate RT-PCR using
primers designed from the regions of highest amino acid
identity among mammalian A1 and A3 adenosine receptors
(see Materials and Methods); the A1 and A3 subtypes were
selected because these couple to Gi (Fredholm et al., 2001).
We used the resulting 306-bp product to screen a macro-
arrayed starfish oocyte cDNA library. Because our primers
were based on adenosine receptors, we expected that we
might obtain a starfish adenosine receptor, but possibly also
the 1-MA receptor, since adenosine is structurally similar
to 1-MA.
This screen identified a starfish cDNA (Accession No.
AF521907) with seven predicted transmembrane domains
and 48% amino acid identity and 63% similarity to the
human A1 adenosine receptor (Accession No. S56143).
Northern blotting showed that a 6.5-kb transcript was
present in starfish oocytes (data not shown). Three full-
length and two partial clones of this cDNA were found in
our screen of 110,592 clones, but no other cDNAs encoding
proteins with amino acid similarity to known G-protein-
coupled receptors were identified. In an attempt to broaden
our search for G-protein-coupled receptors, we performed a
low-stringency screen of the starfish oocyte cDNA library
using the entire coding region of the starfish adenosine
receptor-like cDNA. Although we found one additional
copy of the same cDNA, no other cDNAs with significant
amino acid similarity to known G-protein-coupled recep-
tors were isolated.
To examine whether the agonist for this adenosine-like
receptor was 1-MA or adenosine, we used the Gqi/pigment
contraction assay described above. We injected Xenopus
oocytes with RNAs for Gqi and the unidentified starfish
receptor. Twenty-four hours later, groups of oocytes were
exposed to 10 M of either agonist. Adenosine, but not
1-MA, caused the oocyte pigment to contract, indicating
that the screen had identified an adenosine receptor, and
not the 1-MA receptor (Fig. 6). These results also demon-
strated that a starfish receptor protein can cross-react with
vertebrate Gqi in a Xenopus oocyte membrane, showing that
this approach will be applicable to future studies designed
to identify the 1-MA receptor as well as other Gi-linked
receptors.
DISCUSSION
The results presented here add to the evidence that a
Gi-family G-protein functions in the signal transduction
pathway by which 1-methyladenine causes meiosis to re-
sume in starfish oocytes, since activation of a Gi-linked
receptor is sufficient to cause the events of meiotic matu-
ration. However, our findings argue against either Gi or Gz
functioning to transduce the hormonal signal in frog oo-
cytes, since (1) activation of receptors linked to Gi and Gz
does not cause GVBD or pre-GVBD molecular events, (2)
maturation-inducing steroids do not activate Gi-family
FIG. 6. Use of the Xenopus Gqi/contraction assay to identify which agonist activates an adenosine-like receptor cloned from starfish
oocytes. Xenopus oocytes were coinjected with 2 ng of Gqi RNA and 5 ng of the starfish receptor RNA, incubated for 24 h to allow
expression of the proteins, and then exposed to 10 M of either 1-MA or adenosine. Photographs taken at 24 h show no contraction in
response to 1-MA and strong contraction in response to adenosine, indicating that the receptor is an adenosine receptor. Contraction was
first seen at 20 min after addition of adenosine. Forty oocytes from two different animals were used in these experiments.
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G-proteins, at least as indicated by a Gqi assay, and (3)
Gz-protein appears not to be present in Xenopus oocytes.
A previous study (Noh and Han, 1998) also reached the
conclusion that activation of an exogenously expressed
Gi-family-linked receptor (serotonin 1a) is insufficient to
cause GVBD in Xenopus oocytes. Serotonin application
caused a decrease in cAMP in these oocytes, but some
uncertainty remains as to whether this resulted from ex-
pression of serotonin 1a receptors in the oocyte or the
presence of serotonin-sensitive receptors in residual follicle
cells (Fujita et al., 1993). Using a Gqi assay to confirm
unambiguously that receptors were expressed in the oocyte
membrane, we showed that activation of 3 Gi-family-linked
receptors did not cause GVBD.
One question raised by our findings, as well as by previ-
ous studies (Gelerstein et al., 1988; Noh and Han, 1998) is
whether the cAMP decrease in response to progesterone is
sufficient to cause meiotic resumption in frog oocytes.
Although we might expect that Gi stimulation by the
m2Ach, adenosine A1, and ADP receptors should decrease
cAMP in the oocyte, this is difficult to predict without
knowledge of the properties of the Xenopus oocyte adenylyl
cyclases (see Torrejo´n et al., 1997); it could be that the
adenylyl cyclases in the oocyte are significantly stimulated
by  subunits, such that activation of Gi might not
necessarily result in a net decrease in cAMP (see Simonds,
1999). Further studies would be necessary to definitively
answer the question of whether a fall in cAMP is sufficient
to cause GVBD in frog oocytes; this question is complex
because measurements of total oocyte cAMP do not provide
information about intracellular localization (see Wiemelt et
al., 1997; Steinberg and Brunton, 2001), which could be
significant.
Nevertheless, our findings argue against a role for Gi and
Gz in mediating the action of steroids on frog oocytes. In
light of this, we favor the possibility that steroids act on
frog oocyte membranes to inhibit the activity of a consti-
tutively active Gs (Sadler and Maller, 1985; Gallo et al.,
1995). This would account for the observed decrease in
adenylyl cyclase activity, but could also have other conse-
quences, because the  subunits of Gs would be inacti-
vated as well. The resulting inhibition of both s and 
effectors could potentially contribute to the resumption of
meiotic maturation (see also Lutz et al., 2000; Sheng et al.,
2001).
While we have demonstrated that a Gi-linked human A1
adenosine receptor is able to initiate starfish oocyte matu-
ration upon agonist binding, our attempt to identify the
starfish oocyte 1-MA receptor using degenerate RT-PCR
was unsuccessful. Degenerate RT-PCR-based screens have
identified numerous G-protein-coupled receptors with a
wide variety of agonist binding and signal transduction
properties (Libert et al., 1989; Parmentier et al., 1989, 1992;
Buck and Axel, 1991; Yousefi et al., 2001), including mem-
bers of the adenosine receptor family (Mahan et al., 1991).
Therefore, we believe that additional attempts to identify
the 1-MA receptor using degenerate primers based on other
G-protein-coupled receptor families are warranted.
This screen did identify the first adenosine receptor from
an invertebrate, thus implicating adenosine as an important
signaling molecule in nonvertebrate as well as vertebrate
animal cell physiology. Moreover, our demonstration of
agonist-induced signal transduction, by testing the starfish
receptor in our Xenopus oocyte pigment contraction assay,
demonstrates the potential utility of this assay in identify-
ing agonists for orphan G-protein-coupled receptors.
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